Abstract: We isolated two SBE cDNA species (pvsbel and pvsbe2) from immature seeds of kidney bean (Phaseolus vulgaris L.) and characterized the enzymatic properties of the coded recombinant enzymes (rPvSBE1 and rPvSBE2). The primary sequences of pvsbel and pvsbe2 displayed significant similarity to other class B and A SBEs, respectively. Northern blot analysis revealed that pvsbe2 showed maximum steady state transcript levels at the mid-stage of seed maturation, whereas pvsbel reached peak levels at a later stage. Immunoblot analysis showed that PvSBE1 was associated with the starch granule fraction, whereas PvSBE2 was present in the soluble fraction. In addition, rPvSBE1 and rPvSBE2 showed different kinetic properties and substrate preferences. Native PvSBE2 from immature seeds has a molecular mass (82 kDa) significant smaller than those reported for the other class A SBEs. Based on the observations of smaller molecular mass of PvSBE2 and its partial localization, we suspected the occurrence of a larger form of PvSBE2 (LF-PvSBE2) containing an extended N-terminal region. Indeed, LF-PvSBE2 was observed in both the soluble and starch granule fractions of developing seeds. Immunoblot and molecular analyses suggest that the two isoforms, LF PvSBE2 and PvSBE2 are products of the same gene. Analysis of the products by 5'-RACE (rapid amplifica tion of cDNA ends) indicated that the two transcripts for pre-LF-PvSBE2 and pre-PvSBE2 are generated by alternative splicing of the first two exons. Recombinant LF-PvSBE2 (rLF-PvSBE2) showed much higher affin ity for amylopectin than rPvSBE2. These results suggest that the N-terminal extension of LF-PvSBE2 plays a critical role for subcellular localization in starch-granules by altering its enzymatic properties. 3) Here we describe the occurrence and enzymatic proper ties of two SBE isozymes, PvSBE1 and PvSBE2, which originate from different genes (pvsbel and pvsbe2 ), and two isoforms, PvSBE2 and LF-PvsSBE2, from a single gene in kidney bean (Phaseolus vulgaris L.) seeds.
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Abstract: We isolated two SBE cDNA species (pvsbel and pvsbe2) from immature seeds of kidney bean (Phaseolus vulgaris L.) and characterized the enzymatic properties of the coded recombinant enzymes (rPvSBE1 and rPvSBE2). The primary sequences of pvsbel and pvsbe2 displayed significant similarity to other class B and A SBEs, respectively. Northern blot analysis revealed that pvsbe2 showed maximum steady state transcript levels at the mid-stage of seed maturation, whereas pvsbel reached peak levels at a later stage. Immunoblot analysis showed that PvSBE1 was associated with the starch granule fraction, whereas PvSBE2 was present in the soluble fraction. In addition, rPvSBE1 and rPvSBE2 showed different kinetic properties and substrate preferences. Native PvSBE2 from immature seeds has a molecular mass (82 kDa) significant smaller than those reported for the other class A SBEs. Based on the observations of smaller molecular mass of PvSBE2 and its partial localization, we suspected the occurrence of a larger form of PvSBE2 (LF-PvSBE2) containing an extended N-terminal region. Indeed, LF-PvSBE2 was observed in both the soluble and starch granule fractions of developing seeds. Immunoblot and molecular analyses suggest that the two isoforms, LF PvSBE2 and PvSBE2 are products of the same gene. Analysis of the products by 5'-RACE (rapid amplifica tion of cDNA ends) indicated that the two transcripts for pre-LF-PvSBE2 and pre-PvSBE2 are generated by alternative splicing of the first two exons. Recombinant LF-PvSBE2 (rLF-PvSBE2) showed much higher affin ity for amylopectin than rPvSBE2. These results suggest that the N-terminal extension of LF-PvSBE2 plays a critical role for subcellular localization in starch-granules by altering its enzymatic properties. Two SBE cDNAs, pvsbel and pvsbe2. We found several isozymes/isoforms of SBE in the crude extract from immature seeds of kidney bean4' and reported the purification and properties of two SBE iso forms from the soluble fraction of kidney bean seeds.'' Moreover, two SBE cDNA species, designated pvsbel (2732 bp) and pvsbe2 (3360 bp), have been isolated from immature seeds.2) The coding regions corresponded to 847 (PvSBE1) and 870 (PvSBE2) amino acid residues. The Nterminus of mature PvSBE2 identified by protein sequenc ing was present at residue 157, suggesting that PvSBE2 is synthesized as a preprotein with a plastid signal leader se quence of 156 residues.2,5) Although native PvSBE1 has never been purified from kidney bean seeds, protein se quencing of granule bound polypeptides revealed that PvSBE1 has a signal sequence of 70 residues.2 ) The deduced amino acid sequences showed that PvSBE2 is a member of class A and PvSBE1 is a member of class B, as shown in Fig. 1A . PvSBE2 has 81% identity to pea SBEI and shares about 70% with other class A SBEs. PvSBE1 shows 80% identity to pea SBEII, and has 60-70% identity with those of other class B members. Each class enzyme has about 50% similarity to the other. Northern blot analysis using total RNA from immature seeds at several developmental stages revealed that pvsbel (A) The molecular masses of rPvSBE2 and rPvSBEI were pre dicted from the deduced amino acid sequences and estimated from SDS/PAGE. The detailed assay methods for optimum pH, pH sta bility, thermal stability, and Km value are described in Ref.
2). (B) The reaction products with amylose for 4 h as a substrate were analyzed by HPAEC-PAD after digestion with isoamylase. Proteins from soluble and granule fractions of developing seeds were separated by SDS/PAGE [8% (w/v) gel] and then trans ferred to nitrocellulose membranes. The membranes were incubated with anti-rPvSBEI or anti-rPvSBE2. Lanes S, M, L and Ma; each fraction from small (4-8 mm), medium (10-12 mm), large (14-16 mm) sizes, and mature seeds respectively. The relative levels of each protein accumulation were estimated by NIH image software. and pvsbe2 genes were differentially expressed during seed development (Fig. 1B) . The accumulation of pvsbe2 showed maximum steady-state transcript levels at the mid stage of seed maturation, whereas pvsbel reached peak levels at a later stage. Both transcripts were also detected in leaves and stems, but not in roots (Fig. 1B) . These sug gest that both gene products participated in the biosynthe sis not only of storage starch but also of transitory starch.
Properties of recombinant enzymes, rPvSBEI and rPvSBE2. The recombinant enzymes, rPvSBE1 and rPvSBE2, were purified to a homogeneous state on SDS-PAGE from E. coli, which was cultured for 65 h at 16•Ž (for rPvSBE 1) or for 27 h at 25•Ž (for rPvSBE2). The enzyme activity was assayed by the iodinestaining method (Assay I) using amylose as a substrate.6)Although the bulk of the expressed PvSBE1 and PvSBE2 was insoluble, sufficient activities were present in the soluble phase for protein pu rification. rPvSBEI showed 254 U/mg, and rPvSBE2, 214 U/mg for each specific activity with Assay I. The specific activity of rPvSBE2 was close to that of native PvSBE2 purified from immature kidney bean seeds .5)The N-terminal sequence of each enzyme was coincident to each expected one.
Several properties of rPvSBE1 and rPvSBE2 are sum marized in Fig. 2 . The estimated molecular mass of rPvSBE2 agreed with the predicted one, but the predicted and the estimated values for the molecular mass of rPvSBEI differed. Similar results have been reported on pea SBEII. It may due to the high concentrated negative charges.7,8) Both rPvSBE1 and rPvSBE2 were active at pH 7.0 at 30•Ž. More than 90% of the original activities re mained after incubation at 4•Ž for 16 h between 7.0 and 8.5 for rPvSBEI and between 7.0 and 9.0 for rPvSBE2. Each thermal stability treated for 15 min was up to 40•Ž (rPvSBEI) or 50•Ž (rPvSBE2). Km values for amylose were 0.44 mg/mL (rPvSBEI) and 1.27 mg/mL (rPvSBE2).
The chain-length transferred by each recombinant en zyme was analyzed by HPAED-PAD after incubation of enzyme with reduced amylose (AS-320) followed by iso amylase treatment. As can be seen in Fig. 2, rPvSBE2 preferentially transferred short chains of DP 6. This pat tern was similar to that of maize BE1.9,10) In contrast, the DP 6 chain was not so much on PvSBEI reaction prod ucts. PvSBEI transferred longer glucan chains than PvSBE2.
Immunoblot analysis with specific antisera raised against both recombinant proteins showed that these two SBEs were located in different amyloplast fractions of de veloping seeds of kidney bean (Fig. 3) . PvSBE2 protein was detected mainly in the soluble fractions during all phases of development, whereas PvSBE1 protein was found in only the starch granule fraction in a later stage.
The accumulation of these proteins during seed develop ment paralleled the gene expression pattern. One unique finding from our study is that the SBEs of developing kidney bean seeds are located differently within the amy loplast. The differences in enzymatic properties and intra cellular localization of these SBEs suggest that theses two SBE isozymes have different roles in amylopectin synthe sis in kidney bean seeds.
PvSBE2 isoforms encoded by a single gene. A comparison of the determined N-terminal sequence of purified PvSBE2 to the primary sequence deduced from pvsbe2 cDNA suggests that PvSBE2 is produced from a preprotein with a plastid signal leader sequence of 156 residues.2,5) However, the primary sequence of PvSBE2 is shorter by about 50 to 100 amino acid residues, com pared to those of other class A SBEs, such as pea SBEI,''" maize BEIIbb6,12) and rice RBE3.13) Additionally, as mentioned above, PvSBE2 is present mostly in the sol uble fraction, unlike the pea SBEI, which is observed in both the soluble and starch granule fractions."' These findings suggested the existence of a larger form of PvSBE2 for which the molecular mass would be closer to that of pea SBEI.
Immunoblot analysis showed that anti-rPvSBE2 reacts with not only the 82 kDa protein band on the soluble fraction but also the 100 kDa band on the starch granule fraction of the mid-stage seeds (Fig. 4A) . To determine (A) Immunoblot analysis of different fraction of developing kid ney bean seeds. Proteins from soluble and granule fractions of kid ney bean seeds (mid-size) were subjected to 8% SDS-PAGE and blotted. Blots were developed with anti-rPvSBE2. Lane Pv2, puri fied rPvSBE2 protein as a control; Lanes SF and GF, soluble pro teins and proteins from starch, respectively. Starch granule-bound proteins were prepared from starch of mid-size seeds, subjected to 8% SDS-PAGE, and stained with CBB. The 100 kDa polypeptide band (arrow) was blotted onto a PVDF membrane and then se quenced. (B) Proteins from soluble and granule-bound fractions of developing seeds were separated by 8% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were incubated with anti-rPvSBE2. Lane Pv2, purified rPvSBE2 protein as a control; Lanes S, M, L and Ma, soluble protein or protein from starch gran ule of small-, mid-and large-size developing seeds, and mature seeds, respectively. the nature of the 100 kDa granule-associated protein, its N-terminal sequence was analyzed by Edman degradation. The generated amino acid sequence, VKSSHDSD, aligns with the primary sequence deduced from the pvsbe2 cDNA beginning at residue position 46. This peptide se quence was 111 residues upstream of the mature Nterminus of purified PvSBE2. These results suggest that the 100 kDa polypeptide is a larger form of PvSBE2 (des ignated LF-PvSBE2).
The spatial localization of LF-PvSBE2 during the de velopment of kidney bean seeds was examined by im munoblot analysis (Fig. 4B) .15) In contrast with the limited localization of PvSBE2, LF-PvSBE2 was found mostly in the starch granule and soluble fractions at the latter stages of seed development, suggesting that the N-terminal ex tension of LF-PvSBE2 is responsible for its subcellular lo calization. Burton et al. predicted that the extra Nterminal region of pea SBEI might be important in inter actions between enzymes or between enzymes and starch." The N-terminal extension of LF-PvSBE2 corresponds to this extra domain of pea SBEI.
Since we have found the pvsbe2 gene is present as a single copy in the kidney bean genome, at least two mechanisms can be postulated for the production of the two different proteins from a single gene (Fig. 5): (1) an alternative splicing of RNA transcript or (2) a post translational modification. To determine whether two PvSBE2 isoforms were generated from different spliced products of the same gene, 5'-RACE was done using total RNA from mid-size developing seeds of kidney bean (Fig. 6) . Two distinct bands, about 0.75 and 0.55 kb, were detected in the 5'-RACE products. They were sequenced together with a partial pvsbe2 gene fragment correspond ing to the 5'coding sequence. The results demonstrated that both amplified cDNAs were derived from the same pvsbe2 gene and that the two transcripts were generated by alternative splicing. The sequence of the larger RNA transcript L was identical to that of the pvsbe2 cDNA. In contrast, the sequence of the smaller transcript S was composed of truncated exons 1 (exon I') and 2 (exon 2') as well as intact exon 3 at the 5'-end, suggesting that the translation initiates with the methionine residue al position of 99 of the deduced pvsbe2 sequence.
rLF-PvSBE2 enzyme was produced in E. coli and puri fied by several column chromatographies. The purified Identification of the large form of PvSBE2 (A) and occur rence of PvSBE2 and LF-PvSBE2 in developing kidney bean seeds (B).
Possible mechanisms of producing two PvSBE2 isoforms from a single gene. Open boxes indicate 5' untranslated regions, and black and dotted boxes represent regions translated into putative transit peptides and mature proteins, respectively. Two transcripts with different 5'-ends could be produced by alternative splicing and thereby two prepro teins with different N-terminal structure would be generated.
enzyme shows about 80% of specific activity of rPvSBE2 (170 U/mg using amylose as a substrate). The kinetic pa rameters of rLF-PvSBE2 were analyzed with amylose or amylopectin as a substrate and compared to those ob tained for rPvSBE2. The K., values of rLF-PvSBE2 and rPvSBE2 for amylose were 4.80 and 1.27 mg/mL, respec tively, and the mmmmmmmmmmmmmmmmmmmmmaximum velocities (Vmax) were 396 and 242 U/,t g protein, respectively. In contrast, the Km and Vmax values for amylopectin were calculated to be 4 .4 mg/mL and 135 U/,ag protein for rLF-PvSBE2 , and 18.4 mg/mL and 561 U//.tg protein for rPvSBE2 . The Km and Vmax values for amylopectin by rLF-PvSBE2 are about a quarter of those of rPvSBE2. This indicates that rLFPvSBE2 has a higher affinity but lower velocity for amy lopectin than rPvSBE2. The Vmax/Km value for amylopec tin is almost identical for rLF-PvSBE2 and rPvSBE2, in dicating that both enzymes can comparably act on amy lopectin at a low concentration of the substrate. However, since it is reasonable to consider that the concentration of amylopectin in developing seeds is far higher than that in our assay, both isoforms with different kinetic parameters contribute to in vivo amylopectin biosynthesis. From these results, we propose an explanation which can account for the association of LF-PvSBE2 with starch granules during seed development. One possibility is that LF-PvSBE2 be comes buried within the growing amylopectin structure as it becomes converted into a crystallized starch granule due to its high affinity for amylopectin but low catalytic turn over. This may provide a basis for the distribution of LF PvSBE2 to soluble and starch granule fractions, particu larly in the late-stage of seed development.
Although our results in this study suggest that two PvSBE2 isoforms are generated from a single gene via al ternative splicing, we also believe that there is another possibility that the regulation of the two SBE2 isoforms 
